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Abstract
In Thailand, oil palm residues are promising bioenergy resources of significant availability and energy potential. This 
work presents an experimental study on the burning of Thai oil palm shells in a fluidized-bed combustor with a cone-
shaped bed using dolomite as the bed material for preventing bed agglomeration. During the combustion tests, oil 
palm shells were burned at the rated (45 kg/h) and reduced (30 kg/h) fuel feed rates, while excess air was varied from 
20% to 80% for each combustor load. For the specified ranges of operating conditions, combustion efficiency was 
high (about 99%), whereas the major gaseous (CO and NO) emissions of the combustor were at acceptable levels. No 
evidence of bed agglomeration was found in this combustor using dolomite as the bed material for the entire 
experimental period. However, the bed material underwent significant morphological and chemical changes in the 
course of the time.
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Research 
Center in Energy and Environment, Thaksin University.
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1. Introduction 
The palm oil industry is one of the major sectors in the Thai economy. During palm oil processing, a 
significant amount of solid residues, such as empty fruit bunches, oil palm fiber and shells, palm fronds 
and leaves, are produced in Thailand, which is equivalent to the energy potential of 44 PJ/year [1]. 
* Corresponding author. Tel.: +66 2 986 9009x2208; fax: +66 2 986 9112.
E-mail address: ivlaanov@siit.tu.ac.th.
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Organizing Committee of 2013 AEDCEE
400   Pichet Ninduangdee and Vladimir I. Kuprianov /  Energy Procedia  52 ( 2014 )  399 – 409 
Development of high-efficiency, environmentally-friendly and reliable systems for utilization of these 
biomass residues is therefore a problem of paramount importance for the Thai energy-related sectors.
Fluidized-bed combustion technology has been proven to be one of the most effective and 
environmental friendly technologies for energy conversion from various kinds of biomass [2–6]. 
However, the combustion of high-alkali biomass fuels in a fluidized bed using silica sand as the bed 
material is often accompanied by some operational problems, such as bed sintering and agglomeration. A 
continuous formation of agglomerates (basically consisting of the bed material particles with affiliated 
fuel ash) that occurs even at a relatively low bed temperatures (750–800 °C) is often a cause of bed 
defluidization, leading eventually to unscheduled shutdown of a combustion system [2,7–11]. Pioneering 
studies have revealed an occurrence of bed agglomeration as well as rapid bed defluidization during the 
combustion of oil palm shells in a fluidized bed using silica sand as bed material [12,13].
In order to prevent bed agglomeration, alternative bed materials, such as alumina, dolomite, calcined 
bauxite, ferric oxide, and limestone, can be used in biomass-fuelled fluidized-bed systems [2,7,14௅@
These bed materials with some metals, such as aluminium, magnesium, calcium, and iron, can prevent bed 
agglomeration, mainly due to formation of eutectics with high fusion temperature. These non-sticky
eutectics are reported to form in chemical reactions of alkali compounds (vaporized from biomass ash)
with bed material, within a thin layer on external and internal surfaces of bed particles [16]. 
This study was aimed at investigating the feasibility of safe burning of oil palm shells in the conical 
fluidized-bed combustor (FBC) using dolomite as the bed material. Effects of operating conditions (fuel 
feed rate and excess air) on combustion and emission performance of this combustor, as well as on 
capability of the bed material to withstand bed agglomeration, were the focus of this experimental work.
2. Materials and methods
2.1. Experimental set up
Fig.1 shows the schematic diagram of an experimental set up with the conical FBC. The combustor 
consisted of (i) a conical part of 0.9 m height and 0.25 m inner diameter at the bottom plane and (ii) a
cylindrical part of 2.5 m height and 0.9 m inner diameter, both insulated internally. In this combustor, 
fluidization of the bed material was sustained by a 19-bubble-cap air distributor, ensuring a uniform 
distribution of airflow over the entire bed at a quite low pressure drop across the distributor.
Besides the combustor, the experimental set up included a start up burner for preheating bed material, 
a screw-type fuel feeder, a 25-hp blower, an ash-collecting cyclone, as well as facilities for data 
acquisition and treatment. The blower delivered the required amount of air to the combustor through an 
air pipe of 0.1 m inner diameter. The conical FBC was equipped with gas sampling ports and stationary 
thermocouples located at different levels along the combustor height, as well as at the cyclone exit. 
2.2. The fuel and bed material
Table 1 summarizes the main physical and chemical properties of oil palm shells used in this 
experimental study. Compared to many other agricultural residues, the solid density of the shells was 
comparatively high (some 1500 kg/m3). To achieve high combustion efficiency and stable fuel feeding, 
oil palm shells were burned as shredded fuel. The size of the shredded biomass was quite irregular, from 
0.1 mm (with dust-like appearance) to 9 mm. 
From the proximate analysis (see Table 1), this biomass had a quite significant content of volatile 
matter, a moderate proportion of fixed carbon, but rather low contents of fuel moisture and ash. Due to 
rather low fuel S, SO2 was not addressed in this study.
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The standard analysis of fuel ash (wt.%, as oxides) exhibited a predominant proportion of silicon (SiO2
= 54.12%), followed by calcium (CaO = 23.21%), potassium (K2O = 8.12%), and iron (Fe2O3 = 6.14%). 
Elevated potassium content in the fuel ash indicated a potential problem (bed agglomeration) during the 
combustion of this biomass in a fluidized bed with a typical bed material (silica sand).
Dolomite, with a solid density of about 2800 kg/m3 and particle size 0.3–0.5 mm, was used in this 
study as bed material to prevent bed agglomeration in the combustor bottom. The predominant elements 
in the dolomite analysis (as oxides) were calcium (CaO = 61.4 wt.%) and magnesium (MgO = 38.31 
wt.%). In all trials, static bed height was 30 cm.
2.3. Experimental procedures
A diesel-fired start-up burner from the Riello Burners Company (model “Press G24”) was used to 
preheat the bed material during the combustor start up. When the bed temperature reached about 700 °C, 
the diesel pump of the burner was turned off. During the combustion tests, the burner fan continued its 
operation at a minimum airflow rate to protect the burner’s nozzle head from overheating. A rectangular 
(20 cm u 30 cm) steel curtain was used to screen the burner from the combustion chamber and thus to 
avoid impacts by the flame and particulates onto the start-up burner. 
The screw-type feeder delivered shredded oil palm shells into the conical module at a level Z = 0.6 m 
above the air distributor. A three-phase inverter was used to control the fuel feed rate via adjusting the 
rotational speed of the screw feeder. 
To investigate the effects of operating conditions on combustion and emission performance of the 
conical FBC, the combustion tests were performed at two fuel feed rates: 45 kg/h (for rated load) and 30 
Fig. 1.  Schematic diagram of the experimental set up with the conical FBC
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kg/h (for reduced load), while ranging excess air from 20% to 80% for each combustor load. To study the 
behavior of temperature and gas concentrations (O2, CO, CxHy as CH4, and NO) in different combustor
regions, these variables were measured along the combustor height using a new model “Testo-350” 
portable gas analyzer.
To determine gaseous (CO, CxHy as CH4, and NO) emissions and combustion efficiency of the 
combustor, measurements were also performed at the cyclone exit. For each trial, the amount of excess air 
and the heat losses (due to unburned carbon and incomplete combustion) were predicted according to Ref. 
[19]. The combustion efficiency was then determined by subtracting the heat losses from 100%.
After combustion testing during 10 h, 20 h, and 30 h, the bed material and fly ash were sampled and 
analyzed for their chemical composition using a wavelength dispersive X-ray fluorescence spectrometer 
to determine timescale effects on the chemical composition of both the bed material and fly ash. The 
particle size distribution and average (volumetric) particle diameter of the bed material were determined 
using a ‘‘Mastersizer 2000’’ particle size analyzer. A scanning electron microscopy (SEM) technique was 
used to determine the morphology of the bed particles after different operating times.
3. Results and discussion
3.1. Behavior of temperature and gas concentrations in the conical FBC
Previous studies on firing oil palm shells in the conical FBC showed good/fair uniformity of radial 
temperature and gas concentration profiles at different levels inside the reactor [15]. Such an appearance 
of the radial profiles was likely due to occurrence of bubbling/turbulent fluidization regime in the 
combustor and indicated highly intensive heat-and-mass transfer in the radial direction. In this work, axial 
Table 1. Properties of oil palm shells used in the experimental study
Property Oil palm shells
Bulk density (kg/m3) 536
Solid density (kg/m3) 1510
Proximate analysis (on as-received basis, wt.%)
     Moisture 5.4
     Volatile matter 71.1
     Fixed carbon 18.8
     Ash 4.7
Ultimate analysis (on as-received basis, wt.%)
     C 48.06
     H 6.38
     N 1.27
     O 34.10
     S 0.09
Ash analysis (as oxides, wt.%)
SiO2 54.1
Al2O3 3.1
K2O 8.1
CaO 23.2
Na2O 0.8
MgO 2.7
Fe2O3 6.1
P2O5 1.2
Lower heating value (kJ/kg) 16,300
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profiles of temperature and gas concentrations were therefore used for the analysis of combustion and 
emission performance of the conical FBC.
Fig. 2 depicts the axial profiles of temperature, O2, CO, CxHy (as CH4), and NO in the combustor fired 
with the shells at the selected fuel feedings (45 kg/h and 30 kg/h) and excess air of about 40% and 80%. It 
appears that in the conical module of the reactor (Z < 0.9 m), the temperature profiles were quasi-uniform. 
This fact confirmed occurrence of turbulent fluidization regime of the expanded bed ensuring excellent 
mixing of dolomite particles with chars and gases in the combustor bottom, whereas in the cylindrical 
section these profiles exhibited a decrease of temperature along the combustor height, likely caused by 
heat loss across reactor’s walls. A reduction in the combustor load led to lowered temperature at any point 
inside the combustor, mainly due to the decreased heat input to the combustor. With increasing the 
amount of excess air, a local temperature drop was observed at all points inside the reactor, and this fact 
can be explained by the air dilution effects.
In all the test runs, O2 gradually decreased along the combustor height. However, at the reduced 
combustor load, the rate of O2 consumption was noticeably higher (especially, in the bottom region) 
Fig. 2. Effects of fuel feed rate and excess air on the axial profiles of temperature, O2, CO, CxHy (as CH4), and NO
in the conical FBC when firing oil palm shells
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compared to that at the maximum load (at similar excess air values), and this result can be explained by 
greater residence time of the reactants.
From Fig. 2, the behavior of the axial CO, CxHy and NO concentration profiles revealed an occurrence 
of two specific regions in the reactor ௅WKHERWWRPUHJLRQZ < 0.6 m) and the upper region (Z > 0.6 m) 
௅ with different net results of formation or oxidation/reduction of the pollutants.
In the bottom region of the combustor, CO exhibited a sharp increase along the axial direction, likely 
caused by devolatilization of fuel particles and further oxidation of volatile CxHy and char carbon [2,20]. 
For a given excess air value, the CO peak at the reduced load was somewhat lower compared to that at the 
maximum fuel feed rate, likely due to increased residence time (in spite of lower bed temperature). 
However, in the upper region, CO showed a gradual decrease along the combustor height, mainly due to 
oxidation of CO by O2 and OH [20]. It should be noted that an increase in excess air led to the lower CO 
peak (observed at Z | 0.6 m), mainly due to the enhanced rate of CO oxidation by O2.
The axial CxHy concentration profiles had similar trends as those for CO and exhibited similar effects 
of operating conditions. As is well known, CxHy originates from the fuel volatile matter and forms CO as 
an intermediate product in oxidation reactions [20]. Since CO received continuous “feeding” from 
oxidation of CxHy and char-C, CO was substantially higher than CxHy at different locations in this 
combustor for the ranges of operating conditions.
From the graph with the NO axial profiles, the concentration of this pollutant was found to increase 
rapidly in the bottom part of the reactor, basically due to the biomass devolatilization followed by
oxidation of volatile nitrogenous species to NO via the fuel-NO formation mechanism [2]. 
Simultaneously, a part of the NO was converted to N2 due to catalytic reduction, i.e., via reactions with 
CO and light hydrocarbon radicals on the surface of char, ash, and bed material particles [2,20]. However, 
Fig. 3. Effects of the fuel feed rate and excess air on the emission of CO, CxHy (as CH4), and NO from the conical 
FBC when firing oil palm shells
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in the upper region, a significant decrease of NO was observed, generally due to the above-mentioned 
reduction reactions with CO and light hydrocarbon radicals. At reduced combustor load, all peaks of NO
were substantially lower than those at full load, mainly due to lower bed temperature and greater residence 
time, which likely resulted in a greater contribution of the NO reduction at the reactor bottom.
3.2. Emissions
Fig. 3 depicts the CO, CxHy (as CH4), and NO emissions (all on a dry basis and at 6% O2) from the 
conical FBC firing oil palm shells at the fuel feed rates of 45 kg/h and 30 kg/h for variable excess air. 
These emission characteristics represent an overall net result of formation and oxidation/reduction of the 
pollutants in the reactor. At the maximum combustor load and lowest amount of excess air, the CO and 
CxHy emissions from the conical FBC were substantially high. However, these emissions were effectively 
controlled by increasing excess air within the specified range and maintaining this operating variable at an 
appropriate level. 
With increasing excess air, the NO emission increased, thus confirming the fuel-NO formation 
mechanism [2] and pointing at the substantial contribution of CO and CxHy to NO reduction, especially at 
lower excess air values. With reducing the fuel feed rate (at fixed excess air value), all the emissions 
decreased. However, as follows from the analysis of data in Fig. 3, the effects of the combustor load on 
the emissions were rather weak.
3.3. Heat losses and combustion efficiency
Table 2 shows the heat losses, which are due to unburned carbon and incomplete combustion, together 
with the CO and CxHy emissions and unburned carbon content used for the assessment of the heat losses 
and combustion efficiency of the conical FBC fired with the oil palm shells for the ranges of the fuel feed 
rate and excess air, the latter being represented by actual values. The O2 concentrations used for 
predicting corresponding amounts of excess air are included in Table 2 as well. 
It can be seen in Table 2 that the heat losses can be reduced by increasing the amount of excess air. As 
a result, the combustion efficiency for each fuel feed rate exhibited an apparent improvement with an
increase of this operating parameter within the selected range. At the rated (maximum) combustor load,
the combustion efficiency of 98.7–99.2% can be achieved by maintaining excess air within 60–80%. 
However, at the reduced load, the combustion efficiency was somewhat higher, mainly due to the 
decrease of both heat losses. 
Table 2. Emissions and combustion efficiency of the conical FBC when firing oil palm shells at variable fuel feed rate and excess air
Excess air
(%)
O2 at stack 
(vol.%)
Carbon in 
fly ash (wt.%)
COa
(ppm)
CxHya
(ppm)
Heat loss (%) due to: Combustion    
efficiency (%)unburned carbon incomplete combustion
Fuel feed rate of 45 kg/h
19 3.8 8.76 2207 1812 0.91 2.76 96.3
39 6.2 7.33 1040 880 0.75 1.82 97.4
58 7.8 4.34 476 361 0.43 1.00 98.7
80 9.4 2.17 256 162 0.21 0.62 99.2
Fuel feed rate of 30 kg/h
19 3.7 6.33 1377 1282 0.64 1.85 97.5
40 6.1 5.49 590 500 0.55 1.04 98.4
60 7.9 2.87 221 185 0.28 0.37 99.4
78 9.2 2.07 146 79 0.20 0.31 99.5
a
At the cyclone exit, as corrected to 6% O2 (on a dry gas basis)
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Taking into account the emission characteristics and combustion efficiency, excess air of about 60% 
seems to be the best option for firing oil palm shells in this combustor using dolomite sand as the bed 
material. At the rated combustor load (45 kg/h) and the above excess air value, the combustor can be 
operated with high, ~99%, combustion efficiency, while controlling major emissions at acceptable levels: 
within 500 ppm for CO and 140 ppm for NO, but maintaining the CxHy emissions at a reasonable level.
(a)                                                 (b)        
                       
(c)                                                 (d)
Fig. 4. SEM images of individual particles of (a) the original bed material, and that of the (re-)used bed material after 
(b) 10-h, (c) 20-h, and (d) 30-h combustion testing at 100× magnification
Table 3. Particle size distribution of the bed material used/reused in the conical FBC when firing oil palm shells for different 
operating times
Particle size range (µm) Volume percentage of particles in the size range
Prior to testing After 10-h testing After 20-h testing After 30-h testing
80–93 0.00 0.00 0.10 0.30
93–108 0.00 0.00 1.10 1.12
108–126 0.00 0.00 1.90 2.12
126–147 0.00 1.20 2.20 4.01
147–172 0.23 2.60 3.46 5.08
172–200 0.41 4.20 4.80 7.21
200–233 3.20 5.12 6.42 10.00
233–272 3.64 7.65 7.65 11.10
272–317 5.21 8.29 10.64 11.30
317–370 18.50 17.25 14.21 11.20
370–431 20.63 18.21 13.78 12.54
431–502 21.25 13.32 12.54 11.32
502–586 14.20 10.21 10.21 7.32
586–683 6.24 6.21 5.21 3.20
683–796 4.32 3.12 2.89 0.10
726–928 1.95 1.21 1.54 1.21
928–1082 0.12 1.00 0.78 0.00
1082–1262 0.10 0.21 0.03 0.00
1262–1471 0.00 0.20 0.01 0.00
1471–2000 0.00 0.00 0.53 0.87
Mean particle size (µm) 445 406 338 314
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3.4. Timescale effects on the morphology and particle size distribution of the bed material
As revealed by visual inspections, no bed agglomeration occurred in the combustor during the entire 
test period. However, the physical mass of the bed material was found to be substantially decreased (by 
about 20%) during each of the 10-h periods of combustion testing. To ensure proper hydrodynamic 
characteristics of the bed, a proportion of fresh dolomite was added to the (reused) bed material after each 
10-h (or one-day) operating period. 
Fig. 4 depicts the SEM images of the bed particles after different time periods (10 h, 20 h, and 30 h) of 
combustion testing together with that of original dolomite. During the biomass combustion, dolomite 
(CaMg(CO3)2) was subject to calcination, which led to breakage of original bed particles, resulting in 
generation of small-size particles rich with CaO and MgO [21]. From the micrographs at highest 
operating time, part of fine powder formed during the dolomite calcination adhered to the coarse particles 
of the re-used/refilled bed material. It should be noted that attrition and breakage of calcined dolomite 
into fine particles in the turbulent fluidized bed led to a carryover of some part of the bed material from 
the reactor, and consequently resulted in a decrease of the bed weight.
Table 3 shows the particle size distribution of used/reused dolomite for different operating times 
during the combustion tests. It can be seen in Table 3 that the size distribution (as the volume percentage 
of particles in each size range) for the bed material samples showed a time-related decrease in volumetric 
diameter of bed particles (406 µm, 338 µm, and 314 µm, respectively), compared to the mean particle 
size for the original dolomite (445µm), thus confirming continuous attrition/breakage of the bed particles. 
However, as follows from the analysis of the size distribution at different operating times, the main 
proportion of the re-used bed material was represented by Geldart-B particles, which sustained the 
turbulent fluidized-bed regime of this conical FBC during all the experiments [16].
3.5. Time-related changes in the composition of the bed material and fly ash
Table 4 shows the composition of the bed material used/reused in the conical FBC and that of the fly 
ash originated from the combustion of 45 kg/h oil palm shells for different operating times. For 
comparison, Table 4 includes the composition of the original dolomite and that of fuel ash, both 
determined prior to combustion tests.
It can be seen in Table 4 that the content of SiO2, CaO, and K2O in the bed material increased with 
time, whereas MgO showed a slight time-domain decrease. In the meantime, calcination and 
attrition/breakage of original bed material particles resulted in generation of some proportion of fine 
particles of white color (mainly, due to predominant proportion of CaO) in the bed material, which were 
consequently carried out from the bed region and became a part of the fly ash, as discussed previously. 
Table 4. Composition of the bed material and that of fly ashes originated from the combustion of oil palm shells at different 
operating times of the conical FBC
Operating
time (h)
Composition (as oxides, wt.%)
Al2O3 SiO2 CaO MgO K2O Na2O Fe2O3 Cl ZnO
Bed material
0 (prior to tests) 0.08 0.19 61.40 38.31 – 0.02 – – –
10 0.09 4.10 66.87 27.30 1.16 0.10 0.36 0.01 –
20 0.08 5.96 64.42 25.44 2.24 0.15 0.72 0.00 –
30 0.10 6.23 67.25 23.37 2.25 0.14 0.65 0.00 –
Fly ash
0 (fuel ash) 3.11 54.12 23.21 2.65 8.12 0.81 6.14 – 0.20
10 2.81 53.50 28.30 4.15 6.21 0.96 1.12 0.01 0.01
20 2.80 52.10 31.15 5.21 6.32 0.93 1.32 0.04 0.01
30 1.98 48.31 34.64 6.11 5.14 0.87 1.14 0.01 0.03
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These processes led to an increase of CaO and MgO in the fly ash originated from the combustion of oil 
palm shells in this conical FBC, as can be seen in Table 4.
4. Conclusions 
The proposed fluidized-bed combustor with a cone-shaped bed has been successfully tested for 
burning oil palm shells at fuel feed rates of 45 kg/h and 30 kg/h, while ranging excess air from 20% to 
80% for fixed combustor load. The use of dolomite as the bed material ensures safe and effective 
utilization of oil palm shells with elevated potassium content for energy conversion via direct combustion 
in this technique.
The following specific conclusions have been derived from this experimental work:
• operating conditions (fuel feed rate and excess air) have effects on the behavior of major gaseous 
pollutants (CO, CxHy and NO) inside the combustor, as well as on its emissions and combustion 
efficiency;
• at the rated combustion load, high (about 99%) combustion efficiency can be achieved when burning 
oil palm shells at excess air of 60% ensuring acceptable levels of CO and NO emissions from the 
combustor; 
• no bed agglomeration occur in the combustor when using dolomite as the bed material, as has been 
shown by 30-h combustion testing;
• compared to original dolomite, the reused bed material shows a decrease of mean diameter size in the 
course of the time;
• fine powder formed during dolomite calcination adhere to the large particles of the bed material; 
• composition of the bed material and fly ash undergo substantial changes during the combustion of oil 
palm shells in the proposed conical fluidized-bed combustor;
• attrition and breakage of calcined dolomite into fine particles in the fluidized bed lead to a carryover 
of some part of the bed material from the reactor resulting consequently in a gradual decrease of the 
bed mass with time.
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